The purpose of this study was to determine the localization of the aquaporin-1 (AQP1) water channel in peritoneal tissues and the effect of hyperosmolality on the peritoneal expression and function of AQP1. ♦ ♦ ♦ ♦ ♦ Methods: Immunohistochemical localization of AQP1 was identified in rat peritoneal tissues. Cultured rat peritoneal mesothelial cells (RPMCs) were exposed to hyperosmolality by adding 4% glucose to the culture medium. After 1 hour, 4 hours, 24 hours, and 48 hours, AQP1 was identified by semiquantitative immunoblot and immunocytochemistry. Osmotic water permeability was measured using a light-scattering method. ♦ ♦ ♦ ♦ ♦ Results: Immunohistochemistry of rat peritoneal tissues showed the presence of AQP1 in mesothelial cells, venular endothelial cells, and capillary endothelial cells, but not in arteriole and interstitial cells. Semiquantitative immunoblot revealed that exposure to hyperosmolality significantly increased AQP1 expression after 24 hours in whole RPMC lysates (3.3-fold at 24 hours and 3.9-fold at 48 hours). Consistent with the immunoblot, osmotic water permeability of RPMC was augmented 1.7-fold and 2.7-fold after 1 hour and 24 hours, respectively, in a hyperosmotic environment. In RPMC membrane fractions, AQP1 expression was significantly increased after 1 hour of exposure to hyperosmolality (3.9-fold at 1 hour, 7.1-fold at 4 hours, and 8.7-fold at 24 hours). Immunocytochemistry of RPMCs showed that AQP1 was gradually redistributed from the perinuclear area to the peripheral cytoplasm, and then to the plasma membrane after a 1-hour hyperosmotic challenge, suggesting hyperosmolality-induced translocation of AQP1. Upregulation of AQP1 was also observed in the omentum of rats loaded intraperitoneally with hyperosmotic dialysate every day for 10 weeks. ♦ ♦ ♦ ♦ ♦ Conclusion: AQP1 is widely distributed in the peritoneal cavity and may provide the major aqueous pathway across the peritoneal barrier. In addition, our findings suggested that hyperosmolality increases AQP1-dependent water permeability in peritoneal tissues by regulating the translocation and synthesis of AQP1 protein. KEY WORDS: Aquaporin-1; hyperosmolality; peritoneal tissues; rat peritoneal mesothelial cells. W ater movement across the cell membrane is a fundamental process for the maintenance of intracellular homeostasis. There is accumulating evidence that water channel proteins, aquaporins (AQPs), play a central role in water transport for many forms of life (1,2). Aquaporin-1, the first identified water channel (3), is distributed in a variety of tissues, including the epithelial cells of the proximal tubule and thin limb of Henle in the kidney, lung alveolus, bronchus, trachea, choroid plexus, cornea, ciliary body, iris, eye lens, salivary gland, hepatic bile duct, gall bladder, colonic crypt cell, pancreatic acinar cell, sweat gland and duct, cardiac endocardium, splenic red pulp, peritoneum, and erythrocyte membrane (4-6).
W
ater movement across the cell membrane is a fundamental process for the maintenance of intracellular homeostasis. There is accumulating evidence that water channel proteins, aquaporins (AQPs), play a central role in water transport for many forms of life (1, 2) . Aquaporin-1, the first identified water channel (3) , is distributed in a variety of tissues, including the epithelial cells of the proximal tubule and thin limb of Henle in the kidney, lung alveolus, bronchus, trachea, choroid plexus, cornea, ciliary body, iris, eye lens, salivary gland, hepatic bile duct, gall bladder, colonic crypt cell, pancreatic acinar cell, sweat gland and duct, cardiac endocardium, splenic red pulp, peritoneum, and erythrocyte membrane (4) (5) (6) .
We previously examined the expression of AQP mRNAs in human peritoneum and found that the amount of message was AQP1 much greater than AQP3, which was greater than AQP4, suggesting that AQP1 is present in abundance in the peritoneum (7) . Consistent with our observation, Carlsson et al. demonstrated an abundant expression of AQP1 in peritoneal tissues and a 66% inhibition of AQP-dependent peritoneal water flow by mercury, a specific inhibitor of AQPs (6) . In addition, Yang et al. reported that peritoneal water flow was reduced by 58% in AQP1 knockout mice (8) . These results provide evidence that AQP1 is the major AQP responsible for water transport across the peritoneal barrier.
It has been generally thought that AQP1 is constitutively expressed at the plasma membrane (2, 9) . However, recent reports described the long-term (> 24 hours) and short-term (< 1 hour) regulation of AQP1 by ambient osmolality. Jenq et al. observed that hyperosmolality upregulated AQP1 expression at 24 hours in cultured renal proximal cells (10) and inner medullary collecting duct cells (11) . We also reported that the addition of glucose or mannitol to the culture medium equally stimulated AQP1 message in peritoneal mesothelial cells after 24 hours, suggesting that hyperosmolality induces AQP1 expression irrespective of osmolytes (12) . Page et al. also demonstrated an osmolality-dependent redistribution of AQP1 in cardiac myocyte caveolae upon 5-minutes' osmotic challenge (13) .
In the present study, we confirmed peritoneal localization of AQP1 and aimed to characterize the osmotic regulation of AQP1 in peritoneal tissues.
MATERIALS AND METHODS

I M M U N O H I S T O C H E M I S T R Y
Tissues of the visceral and parietal peritoneum, omentum, and mesentery were obtained from male Sprague-Dawley rats (weighing 220 -250 g) under anesthesia with pentobarbital sodium (50 mg/kg body weight). Tissues were washed with phosphate-buffered saline (PBS), embedded in OCT-compound, and rapidly frozen in liquid nitrogen. Cryosections of 10 μ in thickness were fixed with acetone for 10 minutes, blocked with 10% normal goat serum for 1 hour to reduce nonspecific signals, and incubated with an antibody against the COOH-terminal domain of AQP1 (1:200; CHEMICON International, Temecula, California, USA) for 12 hours in a humidity box at room temperature. After washes with PBS, they were incubated with a fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit IgG antibody (ICN Pharmaceuticals, Aurora, Ohio, USA). For negative controls, cryosections were directly incubated with FITC-conjugated IgG antibody, without incubation with anti-AQP1 antibody. The samples were observed with a confocal fluorescent microscope (Carl Zeiss LSM 510, Viereck, Germany).
PREPARATION OF RAT PERITONEAL MESOTHELIAL CELLS (RPMCs)
The RPMCs were prepared as described previously (12) . In brief, the omentum of a Sprague-Dawley rat was washed with sterile PBS and incubated for 15 minutes at 37°C with 0.25% trypsin and 1 mmol/L EDTA solution (GibcoBRL, Grand Island, New York, USA). After centrifugation at 1000 rpm for 5 minutes, each sample was suspended in M199 medium (GibcoBRL) containing 1.2 g/L HEPES, 2.2 g/L sodium bicarbonate, 5 mg/L hydrocortisone sodium succinate, 10% fetal bovine serum (FBS), and penicillin/streptomycin. The osmolality of the medium was adjusted to 290 mOsm/kg H 2 O. The RPMCs were dispersed on a collagen-I coated dish (IWAKI, Tokyo, Japan) at 37°C in humidified 5% CO 2 . Experiments were performed with cells between the third and fifth passages. To examine the effect of hyperosmolality on the expression of AQP1, RPMCs were incubated with M199 medium, containing 4% glucose, for various times (1 hour, 4 hours, 24 hours, and 48 hours). In one protocol, the RPMCs were incubated with M199 medium containing 4% mannitol.
IMMUNOBLOT ANALYSIS
The RPMCs were washed with PBS, recovered with a cell scraper, and centrifuged at 1000g for 10 minutes. To obtain the whole cell lysates, a lysis buffer (20 mmol/L HEPES, 250 mmol/L KCl, 0.1 mmol/L EDTA, 0.1 mmol/L EGTA, 10% glycerol, 0.1% NP-40, 0.5 mmol/L PMSF, 0.5 mmol/L DTT; pH 7.5) was added to the samples and the samples were then homogenized by ultrasound. To obtain membrane fractions of the RPMCs, samples were suspended in a buffer (320 mmol/L sucrose, 2 mmol/L EDTA, 0.1 mmol/L phenylmethylsulfonyl fluoride, 5 mmol/L Tris-HCl; pH 7.2), homogenized by ultrasound, and centrifuged (1000g, 4°C) for 10 minutes. The supernatant was ultracentrifuged (200 000g, 4°C) for 30 minutes to produce a pellet containing fractions enriched with plasma membranes. The samples were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to Immobilon-P filters (Millipore, Bedford, Massachusetts, USA) using a semidry system; 20 μg protein was loaded into each lane. The filters were incubated for 1 hour with an antibody against AQP1 (1:200, CHEMICON) or an antibody against actin (1:400, CHEMICON). Actin was used as an internal standard for normalization of the amount of expressed AQP1 protein. The filters were further incubated with peroxidase-conjugated goat anti-rabbit IgG antibody (1:400 dilution) and visualized by chemiluminescence (ECL PLUS; Amersham-Pharmacia Biotech, Piscataway, New Jersey, USA). The ratio of band intensities of AQP1 to actin was calculated by densitometry to estimate the amount of AQP1 protein.
To evaluate AQP1 expression in omentum, rats were loaded with 20 mL saline or a peritoneal dialysate containing 4.25% glucose (486 mOsm/kg H 2 O; Dianeal PD-1, Baxter, Deerfield, Illinois, USA) intraperitoneally with a 20-gauge needle. The dialysate was loaded every day for 10 weeks. The omentum tissues were then resected, washed with PBS, and homogenized with a polytoron. Membrane fractions of the omentum were obtained by ultracentrifugation and expression of AQP1 was analyzed using the immunoblot method described above.
The osmotic water permeability of RPMCs was measured using a light-scattering method with a stopped-flow apparatus (SX18-MV; Applied Photophysics, Leatherhead, United Kingdom) equipped with a circulating waterbath as described previously (14) . In brief, RPMCs incubated with M199 medium were trypsinized, washed, and suspended. The cell suspension and M199 medium containing 600 mOsm/kg H 2 O sucrose were mixed abruptly at 10°C to yield a 300-mmol/L inward osmotic gradient. The change in cell volume was detected by monitoring the change in light scattering (466 nm wavelength at 90°). The light scattering intensity was fitted in a single exponential plot to calculate Pf using the following equation:
where V(t) is the volume of the cell at time t, SAV is the surface area-to-volume ratio at t = 0, Vw is the molecular volume of water (18 cm 3 /mol), and Osm in and Osm out are intracellular and extracellular osmolalities, respectively.
I M M U N O C Y T O C H E M I S T R Y
The RPMCs were fixed with 4% paraformaldehyde for 1 hour and washed with a wash buffer (0.1 mol/L Tris-HCl, pH 7.5, 0.15 mol/L NaCl) three times. After blocking, the samples were incubated for 30 minutes with anti-AQP1 antibody (1:200, CHEMICON), washed, incubated with the peroxidase-conjugated goat anti-rabbit IgG (1:200, DAKO, Glostrup, Denmark), further washed, and incubated once more with fluorophore tyramide (1:50; NEN Life Science Products, Boston, Massachusetts, USA) for 10 minutes.
STATISTICS
Results are expressed as mean ± SE. Statistical significance among the multiple groups was determined with the Kruskal-Wallis test. Values of p less than 0.05 were considered significant. When the overall comparison was significant, we used the Wilcoxon rank sum test for pairwise comparisons of the effect of hyperosmolality versus control. Statistical significance between the two groups was determined with the Wilcoxon rank sum test.
R E S U L T S
Immunolocalization of AQP1 was investigated in rat peritoneum, omentum, and mesentery. Clear staining was observed in both the visceral peritoneum attached to the liver [Figures 1(a), (b) ] and the parietal peritoneum attached to the abdominal wall [ Figures 1(d) , (e)], suggesting that AQP1 was expressed in the mesothelial cells. By contrast, staining was negative in the visceral peritoneum without incubation with an anti-AQP1 antibody [ Figure 1(c) ]. In the omentum, venules, and mesothelial cells showed bright labeling of AQP1, whereas no labeling was seen in the arteriole and interstitial cells [ Figure 1(f) ]. Venules and mesothelial cells were not stained when the sample was not incubated with an anti-AQP1 antibody [ Figure 1(g) ]. Higher magnification revealed that AQP1 was confined to venular endothelial cells [Figures 1(h) ]. Aquaporin-1 was similarly expressed in capillary endothelial cells of the mesentery [ Figures 1(i), (j) ]. The absolute fluorescence intensity of capillary and venular endothelial cells was higher than that of mesothelial cells, suggesting that AQP1 is more abundantly expressed in endothelial cells than in mesothelial cells.
Next, glucose was added to culture medium at 4% to examine the effect of hyperosmolality on the expression of AQP1 in cultured RPMCs. Aquaporin-1 was detected by immunoblot analysis at 1 hour, 4 hours, 24 hours, and 48 hours after the addition of glucose. Immunoblot of whole cell lysates showed a sharp band at 28 kDa and a broad band at 35 -50 kDa [ Figure 2 (a)], corresponding to AQP1 and its glycosylated form (3) . Similar bands were identified by immunoblotting of the erythrocyte membrane lysates using the same antibody (data not shown), suggesting that the antibody used in this study was of a reliable quality. Actin was identified at 43 kDa [ Figure 2 (a)]. To semiquantitatively estimate the amount of expressed AQP1, the ratio of band intensities of AQP1 (29-kDa band) to actin was determined by densitometry [ Figure 2(b) ]. The mean value of the ratio before exposure to 4% glucose (control) was expressed as 1.00. The values of relative densities were 1.00 ± 0.21, 1.72 ± 0.29, 2.05 ± 0.43, 3.26 ± 0.45, and 3.90 ± 0.53 at 0 hours (control), 1 hour, 4 hours, 24 hours, and 48 hours, respectively. The values after 24 hours were significantly greater than the control value (p < 0.05). To determine whether increased AQP1 expression in RPMCs is associated with a stimulation of water transport, the Pf of RPMCs was measured using a light-scattering method before and after 1-hour and 24-hour exposures to hyperosmolality. Representative traces are shown in Figure 3(a) ; Pf values are summarized in Figure 3(b) . Control Pf was 83 ± 12 μ/second, a value higher than that of other cultured cells (14) (15) (16) (17) . The Pf for RPMCs was significantly elevated to 138 ± 17 μ/s (p < 0.05) and 221 ± 23 μ/s (p < 0.01) after 1-hour and 24-hour incubations, respectively, with medium containing 4% glucose. To examine whether intracellular trafficking of AQP1 is involved in this increased water transport, we repeated immunoblot analyses similar to those shown in Figure 2 using the membrane fraction samples of RPMCs [ Figure 4(a) ]. In contrast to the results of whole cell lysates (Figure 2 ), the ratio of band intensities of AQP1 to actin was already higher than that of the control at 1 hour (3.94 ± 0.85, p < 0.05), and was further augmented thereafter (4 hours 7.10 ± 1.44, p < 0.05; 24 hours 8.33 ± 2.67, p < 0.05) [ Figure 4 To determine the reason for differences in AQP1 expression between the whole cells and the membrane fractions ( Figures 2 and 4) , the immunocytochemical localization of AQP1 was identified (using confocal microscopy) in RPMCs before and after exposure to hyperosmolality. The RPMCs were negatively stained without incubation with an anti-AQP1 antibody [ Figure 5(a) ]. A bright cluster of staining was observed at the perinuclear region in the control condition [ Figure 5(b) ]. The labeling of plasma cell membrane was also visible when the fluorescent image was turned up to full brightness on the monitor (figure not shown). These results indicated that a small portion of AQP1 proteins was present at the plasma membrane, while much more AQP1 was localized at the perinuclear area. After a 1-hour incubation with hyperosmolar medium, AQP1 immunostaining spread to cytosol [ Figure 5 (c)]. After 4 hours, AQP1 was distributed to the more peripheral regions and a faint staining of the plasma membrane became visible [4 hours, Figures 5(d) ; 24 hours, 5(e)]. These findings suggest hyperosmolality induced an intracellular redistribution of AQP1. We tried further observation of the localization of AQP1 from the vertical view, but the short height of RPMCs made this observation impossible.
Finally, we confirmed the hyperosmolar effect on AQP1 expression in peritoneal tissue under an in vivo condition. Rats were loaded with 20 mL saline (control) or hyperosmolar dialysate (486 mOsm/kg) intraperitoneally every day for 10 weeks. The omentum tissues were subjected to immunoblot to examine the expression of AQP1. Results of immunoblots in individual rats are shown in Figure 6 (a). As depicted in Figure 6 (b), the ratio of band intensities of AQP1 to actin, a measure of the amount of AQP1 expression, was 3.3-times higher in rats injected with a hyperosmolar dialysate than in control rats (control 1.00 ± 0.24, hyperosmolar dialysate 3.31 ± 0.73; n = 6, p < 0.05). Thus, osmotic regulation of AQP1 was seen under an in vivo condition ( Figure 6 ) as well as in in vitro cultured cell systems (Figures 2 -4) .
DISCUSSION
Aquaporin-1 has recently been shown to provide the major osmotic water pathway across the peritoneal barrier (6) (7) (8) . In this study, immunohistochemistry of rat peritoneum, omentum, and mesentery showed the expression of AQP1 in mesothelial cells, venular endothelial cells, and capillary endothelial cells in (Figure 1) . Consistent with our observations, AQP1 was previously detected in capillaries of peritoneum (6, 8, 18, 19) , omentum (19, 20) , diaphragm (6) , and venules of peritoneum (18, 19) and diaphragm (6) .
Exposure to hyperosmolality for more than 24 hours significantly augmented both Pf and AQP1 expression in whole cultured RPMCs (Figures 2, 3) . We previously showed that a 24-hour incubation under hyperosmotic environment, with 4% glucose and mannitol osmolyte, stimulated AQP1 message 3.7-fold and 2.7-fold, respectively. These results suggest that hyperosmolality upregulates AQP1 by inducing new protein synthesis after 24 hours. Similarly, Jenq et al. found that the addition of NaCl to the culture medium increased AQP1 expression after 24 hours in mouse inner medullary collecting duct cells (10) and human proximal tubule cells (11) . Such a long-term (> 24 hours) regulation of AQP1 was also seen with treatment with arginine vasopressin (AVP) and glucocorticoid. Jenq et al. observed that hyperosmolality-induced AQP1 expression was further stimulated by AVP after 24 hours in cultured renal cells (10, 11) . Agre and colleagues demonstrated that glucocorticoid induced AQP1 expression in lung and kidney from fetal and perinatal rats (21) and cultured mouse erythroleukemia cells (22) .
In a recent report, Lai et al. extensively investigated expression of AQP1 in cultured human peritoneal mesothelial cells and endothelial cells (19) . In these cell lines, they observed that the mRNA expression and protein synthesis of AQP1 were stimulated by incubation with a hyperosmolar medium containing glucose. The expression was dependent on glucose concentration. Furthermore, mannitol, but not urea, had effects on AQP1 expression similar to glucose. Although mRNA expression was not investigated in our study, the observations by Lai et al. are principally consistent with those of our study.
Immunocytochemistry identified the expression of AQP1 in the plasma membrane of control RPMCs Pf of CHO cells increased from 39 μ/s to 140 μ/s after transfection of AQP1 (15) . Aquaporin-1 proteins were localized at the perinuclear region in the control condition ( Figure 5) . A similar observation was made by Lai et al. (19) . However, this pattern of intracellular distribution was clearly different from that observed previously. Expression of AQP1 is basically confined to the plasma membrane in epithelial cells (4, 5) and in transfected cultured cells (9, 15, 17) . We are presently unable to explain this difference. It might be derived from differences in tissues/organs or experimental conditions. Alternatively, RPMCs might have the unique characteristic of possessing abundant "intracellular stores" of AQP1.
When immunoblots were repeated using membrane fraction samples of RPMCs, expression of AQP1 had already increased at 1 hour of exposure to the hyperosmotic condition (Figure 4 ). This finding is consistent with the results of Pf measurements (Figure 3 ). Immunofluorescence confocal microscopy demonstrated perinuclear localization of AQP1 in an iso-osmotic condition and cytoplasmic distribution of AQP1 after a 1-hour osmotic challenge ( Figure 5 ). These observations suggest that hyperosmolality might have stimulated translocation of AQP1 from the perinuclear region, presumably from the endoplasmic reticulum, to the plasma membrane. If this is the case, the underlying mechanism is still unknown. Page et al. made a similar conjecture when observing osmolalitydependent intracellular redistribution of AQP1 after a 5-minute incubation with hyperosmotic medium in rat cardiac myocytes (13) . In addition to osmolality, several investigators described other factors for the short-term (< 1 hour) regulation of AQP1. Yool et al. reported that 15-minute preincubation with forskolin increased the Pf of AQP1-expressing oocytes, suggesting regulation by cAMP-dependent protein kinase (23) . Similar regulations by protein kinase were also shown in AQP1 (24) (25) (26) . Thus, in addition to AVP-regulated AQP2 water channel (2, 14, 27) , AQP1 might be another AQP regulated by cAMP-dependent protein kinase.
As discussed above, in spite of the principal role of AQP1 as a constitutive membrane protein (2,9), several factors may be involved in its regulation. This study demonstrated for the first time osmotic regulation of AQP1 in the peritoneal tissue. Our results suggest that hyperosmolality stimulates both the translocation and synthesis of AQP1 protein. The mechanism of the osmotic regulation of AQP1 remains to be clarified.
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